HAS MM aL et 
UE On RSL AS ait Sarna aaa sae 
hee ott Sth Vaneau: Sah er rth sates ce 


fl Hoh sien are Ty. itty Mii : 3 iii ite 
it toe eae rae Let abe 8 ie ea 
at pie ke ay oe , ae 


ate, to) rf 
nt 
ites tee uy i Final 


va, 
ai 


aeons 
ene co 
oe on 
ety fs iti fant 
af ie pes ey 
ea ine uta ie 
i Sei MP i ie 


Tae: 


Stes 
SS 


Seas 
sae 
= es 
= SSeS) = 


macy 
=. 


Os 


Soe 


ae 
Sseee ss. 


eae =e 
ee = 


Be 
a 


Loe wel 


2 
Sees = z= 


gears 
S2SSSe 


") HY er 
ys ie LOM a 

Ayaih, a en) 
i Hi t 
ne 8 ce ie ne 

Re set ts ut i 
Nh ian MMe) 

EAD Span 

ii i ca ne i) aha : 
Sanna is i) Hii GOIN iii ah 
ew bates Vaasa 3 Hen 
Ne Ah ite 
beh 


= 


was 
eis 


=>. 


= 
saaae 


ies 


=e 
= 


<3 


th Het at 
Tega it a STs tan ah y 

a se A 
Ney tis ifh mas 

ia hist bale Bi 

tats 


) se ait aa — 
co ae 


Ht, a 


aa Hl ui it nate 
S aes i a a i 


ceee 
T= 


Sails 
5 


i: he i 


fe 
aed 


eee 

> et Se 

tiers 
Scie 
‘< 


233 


Sate 
=5 


z 


5 
aa 


io 
ee 
5 


# 
Reni Roane as ahh re 
Ha oF ae ras oth 

any ae athe Re ae 


mua at s 


ne 


tensor aaa 
oe No 


au 
h aN ie 

GEN Saas Bena an ae bine oy he 
— aes cae fs ae aN a otis 
sinh ae 7% Bt ua wiles kes) Mt Rua saa nan * i cra 

eh iger Madey “yt a stsOvnEN Taree 
i aa the nat iia yas 


Hy 
TAS epeteart ht 





Sal Tea Kg 


‘a ; 


- 
a) 


ary 
| i ie 
ee 





) D TBLIC ROADS 


wl 


er | Hh, il, val th, al 


A "JOURNAL OF HIGHWAY RESEARCH 


TN 
ral 


V.@ eee Sean Ow 2S Vv FEBRUARY, 1982 


UNITED STATES DEPARTMENT OF AGRICULTURE 


BUREAU OF PUBLIC ROADS 








Photo by Bert Huntoon, Belligham, Wash. 


MT. SHUKSAN AS SEEN FROM SKYLINE EXTENSION, MT. BAKER NATIONAL FOREST HIGHWAY 


For sale by the Superintendent of Documents, Washington, D.C. - - - - - - - - - - - - See page 2 of cover for prices 














PUBLIC ROADS #4722 


UNITED SS PATES DEPARTMENT OF AGRICULTURE 
BUR AUsIO RePUB PLGSICOADS 


G. P. St; CLAIR, Editor 
Volume 12, No. 12 February, 1932 





The reports of research published in this magazine are necessarily qualified by the conditions of the tests from which the data are 
obtained. Whenever it is deemed possible to do so, generalizations are drawn from the results of the tests; and, unless this is done, 
the conclusions formulated must be considered as specifically foertinent only to the described conditions. 


In This Issue 


Some Studies of Drilling and Blasting in Highway Grading . .... . . 293 


Effect of Type of Breaking Machine on the Modulus of Rupture of 6 by 6 inch 
ConcretetBeams * \ ae Berets 29 ns Se ee ie ee () 





THE BUREAUsSOFCPUBLIC] ROADS ~--- = == WillardeBuildinge? Washing tong aes 


REGIONAL HEADQUARTERS = - = - - = = - Mark Sheldon Building? Sanbranciseo, Gali 
Vv 
DSR Gal O Ee PsGEsS 
DISTRICT No. 1. Oregon, Washington, and Montana. DISTRICT No. 7. Illinois, Indiana, Kentucky, and Michigan. 
Post Office Building, P. O. Box 3900, Portland, Oreg. South Chicago Post Office Building, Chicago, |. 


DISTRICT No. 8. Alabama, Georgia, Florida Mississippi, South Carolina, 
and Tennessee. 
Shepherd Building, P. O. Box J, Montgomery, Ala. 


DISTRICT No. 3, Colorado, New Mexico, and Wyoming. DISTRICT No. 9. Connecticut, Maine, Massachusetts, New Hampshire, New 
237 Customhouse, Nineteenth and Stout Sts., Denver, Colo. Jersey, New York, Rhode Island, and Vermont 


: 5 E Federal Building, Troy, N. Y. 
DISTRICT No. 4. Minnesota, North Dakota, South Dakota, and Wisconsin. SE ae oad 
410 Hamm Building, St. Paul, Minn. | DISTRICT No. 10. Delaware, Maryland, North Carolina, Ohio, Pennsylvania, 
: Virginia, and West Virginia. 
DISTRICT No. 5. Iowa, Kansas, Missouri, and Nebraska. Willard Building, Washington, D. C. 
Eighth Floor, Saunders-Kennedy Building, Omaha, Nebr. DISTRICT No. 11. Alaska. 
Room 419, Federal and Territorial Building, Juneau, Alaska. 
: aa 
DISTRICT No. 6. Arkansas, Louisiana, Oklahoma, and Texas. DISTRICM Noslieldaho ant Uinnt 
1912 Fort Worth National Bank Building, Fort Worth, Tex. 403 Fred J. Kiesel Building, Ogden, Utah. 


DISTRICT No. 2. California, Arizona Nevada, and Hawaii. 
Mark Sheldon Building, 461 Market St., San Francisco, Calif, 








Owing to the necessarily limited edition of this publication it will be impossible to distribute it free to any persons or institutions 
other than State and county officials actually engaged in planning or constructing public highways, instructors in highway engi- 
neering, and periodicals upon an exchange basis. Others desiring to obtain Pustic Roaps can do so by sending 10 cents for a 
single number or $1 per year (foreign subscription $1.50) to the Superintendent of Documents, 
United States Government Printing Office, Washington, D. C. 











CERTIFICATE: By direction of the Secretary of Agriculture, the matter contained herein is published as administrative information 
and is required for the proper transaction of the public business. 


SOME STUDIES OF DRILLING AND BLASTING IN 
HIGHWAY GRADING 


By ANDREW P. ANDERSON, Highway Engineer, Division of Management, U. S. Bureau of Public Roads 


OOR blasting is the rule rather than the excep- 

tion in much of our highway grading work. This 

conclusion is based on a study of 71 power-shovel 
grading jobs on which solid materials requiring drilling 
and blasting were encountered in considerable quan- 
tities. On 43 of these jobs the blasting was decidedly 
deficient. On 13 of the jobs the material was fairly 
well broken, while on only 15, or slightly more than 
one-fifth, was the material so well broken as to permit 
rapid and fairly continuous shovel operation. 

Since poor blasting is so common and materials which 
must be blasted before they can readily be handled by 
the power shovel are so frequently encountered in 
present-day highway grading work, the accumulated 
field records of the production studies made by the 
Bureau of Public Roads during the past six years have 
been reviewed in order to obtain as much definite data 
as possible in regard to the following points: 

1. How and to what extent does the blasting affect 
the rate of shovel production? 

2. What are the chief obstacles to adequate blast- 
ing—that is, such blasting as will permit a high rate of 
shovel production? 

3. How and to what extent can these difficulties be 
overcome? 

The rate of power-shovel operation depends on three 
factors, the average length of the dipper cycle, the 
amount of material handled or moved per dipper load, 
and the regularity or continuity of operation. Poor 
blasting usually means large rocks and also, very 
frequently, tight or even some unbroken ground. Large 
rocks can only be handled with much difficulty and at 
avery slow rate. Still further delays are often imposed 
on the shovel while the larger rocks are being ‘“‘bull- 
dozed” or while the unbroken ground is being reblasted. 
Figures 1, 2, and 3 illustrate the difficulties imposed on 
the shovel by poor blasting. 

On the other hand, where the blasting has been so 
thorough that the largest dimension of the larger frag- 
ments or particles does not exceed but about one- -half 
of the smallest inside dimension of the dippe:, the rate 
of shovel operation can be practically the same as for 
operation in good common earth excavation. Figure 

shows a cut in which adequate blasting made the 
work of the shovel easy. The average amount of pay 
material moved per dipper load, however, will nearly 
always be less when working in rock than when working 
in good common earth excavation because of the fact 
that rock generally takes on more swell from blasting 
and from being picked up by the dipper than does 
ordinary earth picked up by the dipper from its natural 
place in the cut. 

Even with the most perfect blasting the rate of 
production in pay yardage can rarely, if ever, be 
expected to be as high as can be achieved in good 
common earth under similar conditions and with equal 
effort. The same rate of shovel operation can be 
attained, and, under favorable conditions, the same 
apparent or loose-volume yardage; but the actual or 
pay yardage measured in place in the cut will probably 
always be less for the rock than for good earth. Very 
sticky materi oe or earth mixed with many roots or 





bowlders may give much lower production than well- 
blasted rock, as to both size of dipper load and actual 
yardage per hour of operation. 


RATE OF PRODUCTION REDUCED MORE 
POOR BLASTING 


THAN 50 PER CENT BY 


As the thoroughness of the blasting decreases, the 
rate of production decreases rather rapidly. For all 


the jobs studied during the past three years the average 





Teens 1.—Tryine To MAKE THE SHOVEL TAKE THE PLACE 
oF DRILLING AND Buastine Is A SuRE Way TO SHORTEN 
THE LIFE OF THE SHOVEL, POSTPONE THE COMPLETION OF 
THE JOB, AND REDUCE THE POSSIBLE PROFITS 


operating cycle of 1 to 14-yard shovels working in 
materials classed as well to fairly well blasted rock 
was 23.5 seconds, while for the same size and type of 
shovel operating in poorly blasted materials the average 
shovel cycle w: an increase of over 42 
per cent. Even worse conditions are frequently 
found, as, for example, on some very poorly blasted 
jobs not included in the above averages on which the 
average shovel cycle was 45 sec an increase of 
more than 85 per cent over well-l blasted materials. 
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The effect of poor blasting on the average quantity 
of pay material moved per dipper load is almost equally 
striking. For the 1 to 14 yard shovels the dipper load 
averaged 0.70 cubic yard of pay material in well- 
blasted rock but only 0.50 cubic yard in poorly blasted 
materials, a reduction of over 28 per cent. On a few 
jobs not included in the above averages, because of 
exceptionally poor blasting, the output was only about 
0.4 of a cubic yard of pay material per dipper load for a 
1-cubic-yard dipper, a reduction of over 40 per cent. 
The average reduction in the rate of production for 1 to 
1, yard shovels, not including exceptionally bad jobs, 
was therefore approximately 50 per cent, simply be- 
cause of the decreased dipper load and the increased 
shovel cycle resulting from poor blasting of the material. 





oe 
. : & ee oe % pees : = <— 
Figure 2—A Goop SHovEL Pius a Goop OPERATOR CAN 
HANDLE Rocks Like Tuis, Bur tHe Cost Puts Turis 
Kinp oF BLASTING INTO A Luxury CuLAss Wuicu No 
ConTRACTOR CAN Any LONGER AFFORD 


This 50 per cent decrease in the rate of shovel pro- 
duction resulting from an increased shovel cycle and a 
decreased net dipper load does not include all the effects 
of poor blasting on the rate of production. More time 
is always lost on poorly blasted jobs than on jobs where 
the blasting is well done. This is brought out more 
fully in Table 1, which is a summary of the production 
studies during the past four years on 20 jobs using 
1§ to 14 yard shovels. Here it will be noted that the 
delays or individual stops due to one item alone, large 
rocks, were increased almost 50 per cent on the poorly 
blasted jobs, while the hourly production for the time 
the crew was on the job was reduced to less than one- 
half of that attained on the jobs on which the blasting 
was thorough. 


TABLE 1.—Average rates of production and operation on 20 rock 
jobs 


| Percent- 























| Shovel production per hour age of 
Condition of blasted | Average | Average}  ——™” Sn a ee Roe 
rock for handling sizeof | dipper Dippers I i OS ] 
by shovel shovel load Cubie ie DSS DONE 

| yards |" SSS oe to 

Number] Cycle fc 

Cu. yds. | Cu. yds. Seconds 

( tood Bae 1.02 0. 68 65. 5 96.3 24.4 Bre 
Sirs sepecea ee. ae | 1. O8 49 38. 7 79. 7 32. 2 14.5 
POORS. 24 eae ee | 1.12 . 50 3L.8 63.3 36. 7 16.3 








COST OF SHOVEL OPERATION VIRTUALLY INDEPENDENT OF RATE 
OF PRODUCTION 

The reduction of some 50 per cent in production 
sunply because the material was poorly instead of thor- 
oughly broken would not be so bad if the cost of shovel 
operation could be reduced in about the same propor- 
tion. This, however, is impossible. The cost of shovel 
operation exclusive of the hauling is practically con- 


stant so long as the crew is out on the job regardless of 
whether production is high or low, and with the present 
prevailing equipment and methods of operation even 
the hourly or daily cost of the hauling equipment tends 
to become fairly constant and only partly dependent 
on the rate of production. Every decrease in output, 
therefore, tends automatically to register as an increase 
in the unit production cost. 

The following example illustrates the point in ques- 
tion. The records show two l-yard shovels each of 
which had an average operating cost of about $21 per 
hour for the items of loading, hauling, and dump oper- 
ation. At one time during a full week while one of 
these shovels was working in well-blasted rock at an 
average rate of 67 cubic yards per hour the other was 
working in poorly blasted rock at an average rate of 
only 36 cubic yards per hour. It cost the contractor, 
therefore, 314% cents per cubic yard to load, haul, and 
place the well-blasted material as against a cost of 58% 
cents per cubic yard to handle the poorly blasted materi- 
al, a difference of 27 cents per cubic yard. It seems 
probable that if a part of this 27 cents had been expend- 
ed in obtaining a somewhat closer spacing of the drill 
holes and the use of a slightly larger amount of explosive 
a considerable saving would have been effected. 

In this case, which was fairly typical of average con- 
ditions, the contractor, as is usually the case, was un- 
able to reduce either his hauling equipment or his dump 
crew while working in the poorly blasted material. Poor 
blasting almost invariably gives rise to poor hauling 
conditions, the main results of which are a slow hauling 
speed and difficult dump operation. These conditions 
call for proportionately more hauling equipment. Fur- 
thermore, poorly blasted material is seldom uniform. 
There are therefore periods when the rate of production 
is high enough to demand the normal supply of hauling 
equipment and other periods when production is so low 
that most of the hauling equipment is idle. The wear 
and tear on all the equipment is excessive when working 
in poorly blasted material. Time losses and delays due 
to mechanical troubles are also more frequent. The 
question, therefore, naturally arises as to how and to 
what extent can these losses be prevented or reduced 
without incurring corresponding costs. 


METHODS STUDIED FOR IMPROVING QUALITY OF BLASTING 


It is recognized, of course, that under the many widely 
varying conditions encountered in the field and with 
the present knowledge of the art, not all blasts will pro- 
duce the much desired thorough shattering of the ma- 
terial, and that no rules or formulas can be given which 
will fit all conditions. On the other hand, it is believed 
that the available data are sufficiently extensive and 
sufficiently clear to indicate certain general guides to 
procedure which should be of material value, first, 
when work is begun on a new job or a new cut which 
differs materially from those in which work has already 
been done, and second, in interpreting and _ utilizing the 
experience gained from each successive blast. Occa- 
sionally conditions will be encountered under which it 
will probably be cheaper to accept a reduced shovel 
output, even as expensive as that is, rather than to 
assume the expenditure necessary to accomplish thor- 
ough breakage of all of the material; but these cases 
seem to be relatively few and will be discussed more 
fully later. 

In general, the data indicate that on a large majority 
of grading jobs involving solid rock, hard shale, or 
similar materials more thorough blasting is possible, 
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and that such blasting will tend to decrease rather than 
to increase the total unit cost of moving the material. 

For a proper understanding of this matter it is neces- 
sary to keep in mind the fact ‘that the culling and _blast- 
ine involved in highway grading , different from 
et encountered in any of the other. COMMON Nes, 
such as quarrying, mining, or_tunneling. The road- 
way and grade are laid out without much reference to 
such factors as the dip or strike of the strata, or to the 









FiaurE 3.—UNppR AVERAGE HiGgHway ConpiITIONsS Poor 
BLASTING Sucu As Tuts Is LikEty To INCREASE THE Cost 
or HanpuInG Mareriat As Moucu as 25 Cents Per Cusic 
YARD 


bedding planes, seams, or stratification of the material 
which is to be removed. Moreover, the greater por- 
tion of the rock work is encountered in sidehill cuts so 
that the depth and frequently also the character of the 
material to be blasted varies considerably from one 
side of the road to the other as well as along the axis of 
the cut. In fact, itis not uncommon to ‘find cuts in 
which no two drill holes in a row are of the same depth, 

and no two rows are alike. The character of the rock, 
as_a result of weathering, dip of strata, etc., may also 
in extreme cases be different for practically every hole. 

To develop standard methods and practices which under 
such varying conditions will always produce the degree 
of breakage and shattering necessary for fast shovel 
operation is naturally difficult and this superabundance 
of variables in the conditions to which any rules or 
methods must be adaptable is probably the main reason 
for the present prevalence of poor blasting in highway 
grading work. 





LITTLE PROGRESS MADE IN IMPROVING METHODS 


While notable progress has been made in effecting 
higher rates of production in practically all other lines 
of “highway work, the rate at which drilling and blasting 
is handled has shown no appreciable progress during 
the past six years, for which the bureau has available 
definite records based on production studies on a large 
number of going projects. These data, while not 
sufficiently extensive to be entirely conclusive, are 
nevertheless sufficient to indicate that for identical 
equipment there has been during this period no material 
increase in the efficiency with which the drills are 
operated, in the footage of holes drilled per hour of 
actual operation, or in the rate of production of the 
shovel while handling blasted material. Nor is there 
any substantial evidence of a definite decrease in the 
time losses in drill operation, in the amount of either 
drilling or explosives required per cubic yard of pay 
excavation, or in the time losses imposed on the shovel 
by the operations of drilling and blasting. However, 
the trend toward the use of larger shovels has been 


rather marked and the proportionate loss of time has 
therefore been somewhat reduced. 

From these indications one might argue that further 
progress in handling rock excay ation in highw ay grading 
work is impossible or at least improbable; but, while 
the records of past performance are far from inspiring. 
they are not as hopeless as these generalities would 
indicate. Out of the 71 jobs there were 15 which 
attained practically as high a rate of production in rock 
as is usually secured in common excavation. One 
group of 1 to 1% yard shovels Ww orking in material class- 
ified as ‘‘good fb fair common” operated on an ay erage 
cycle of 21 seconds while moving 93,000 cubie yards of 
material, while another group of shovels of the s same 
size working i in material classified as “rock, well blasted, 
very few pieces too large for dipper” also operated on 
an average cycle of 21 seconds while moving 48,000 
cubie yards of material. 





FiaurE 4.—Autmosr Any Rock, WHETHER STRATIFIED OR 


Massivp, AND No Marrer How Harp or Tovueu, Can 
Br So THorovuGuiy Buastep THat It Can Be HanpDLED 
BY THE SHOVEL AT ABOUT THE SAME RaTE as Goop 
Common. Tus Is raz Same KINp or Rock As Is SHOWN 
IN FIGURE 3 


The average dipper load of the shovels working in 
common was 0.66 cubic yard of pay material while for 
those working in the well-blasted rock it was 0.61 cubic 
yard. Thus, for the time these shovels were actually 
digging, the rate of moving cubic yards of pay material 
in well-blasted rock was 92 per cent of the rate main- 
tained by the shovels working in good common. But, 
probably because of a somewhat better supply of haul- 
ing equipment, the time losses on the rock jobs were 
about 6 per cent less than where good common was 
being handled, so that the actual production per hour 
on the rock jobs was only 2 per cent below that attained 
on the earth jobs. Based on the total time the crews 
were on the job, the actual production of pay yardage 
was 57.5 cubic yards per hour for the shovels working 
in good common and 56.4 cubic yards per hour for the 
Ehor els working in well- blasted rock. The ordinary 
time losses or delays, while rather unusually high, were 
very nearly the same for both sets of shovels, 49 per 
cent for those working in common excavation and 46 
per cent for those working i in rock. In both cases the 
major portion of these time losses was due to insufficient 
hauling equipment. 

For “these reasons it seems necessary to examine a 
little more closely the conditions which exist in drilling 
and blasting for highway grading work. In the first 
place, we find that on the great. majority of jobs on 
which rock is encountered, it is usually covered with 
more or less overburden so that advance determination 
of such important factors as the exact amount, char- 
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acter, and condition of the rock, the dip of the strata, 
location of seams and bedding planes, etc., 1s difficult. 
Sometimes considerable rock is encountered where none 
had been expected. Asa rule, the depth of rock to be 
removed in these cuts is comparatively small, seldom 
above 20 feet, on many jobs rarely over 4 or 5 feet, 
and frequently only a foot or two. The limitations 
placed on either over or under breakage on the side 
slopes, and frequently even in regard to the grade line, 
are rather numerous. 

Careful consideration must also be given to prevent- 
ing injury to persons, passing traffic, and neighboring 
improvements. The shooting must, therefore, as a 
rule, be as light as possible. But light shooting and 
thorough breakage of the material can only be achieved 
through correct depth and placement of drill holes 
which have been properly loaded with the right amount 
of suitable explosives and then properly fired. _Kven 
heavy shooting frequently fails to break up a hard or 
tough material properly unless the charges have been 
both placed and spaced correctly. (See fig 5.) Success 






fe? e g 


Ficure 5—It Takes More THAN Goop INTENTIONS TO BREAK 
Harp AND TouacH Rock. THE Buast Just Frrep Dip LirrLe 
More Tuan Break THE MATERIAL INTO LARGE BLOCKS, 
Eacu orf Wuicw Now Forms A SEPARATE PROBLEM 


can be attained only through a correct coordination of 
all of these factors while a substantial error in any one 
is almost certain to result in a costly failure. Since 
drilling is usually the most expensive item in the type 
of rock work encountered in highway grading, while 
improper location, spacing, or depth of the drill holes is 
also the most frequent cause of poorly broken material, 
we shall discuss this item in more detail. 


METHOD SUGGESTED FOR SPACING DRILL-HOLES 


Figure 6 shows a part of a rock cut where two rows of 
holes have been drilled. It will be observed that the 
holes are staggered. The relations between the spacing 
of holes, depth of cut, and depth of drill hole below 
gerade are expressed as follows: 

a= Ratio of depth of cut to spacing of holes 
across cut. 
b=Ratio of depth of cut to spacing of holes 
from face, or of rows across cut. 
c=Coefficient of depth of drill hole below 
gerade. Its value, for most materials, 
hes between one-fourth and one-half, 
except in very shallow holes. 
d= Depth of cut at drill hole. 
ad = Distance between holes across cut. 
bd=Spacing of rows or distance of holes from 
face of cut. 
cad= Depth of drill hole below grade to which 
rock is to be removed. 
d+cad=Total depth of drill hole. 


In this arrangement the drill-hole spacings parallel and 
perpendicular to the face of the cut are not equal, but each 
isa function of the depth. The depth drilled below grade 
is a function of the spacing rather than the depth. 


FACE FROM PREVIOUS BLAST OR FRONT OF CUT 
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A review of all the field records for jobs working in! 
reasonably homogeneous material shows that the 
spacing between the holes in a row across the cut 
averaged about three-quarters of the total depth and 
usually varied from one-half to slightly more than the | 
depth of the holes. The spacing of the holes from the | 
face or between rows averaged slightly less than the _ 
spacing between the holes in a row. Insuch materials | 
as ordinary shale, disintegrated granite, and hardpan — 
the spacing in deep cuts sometimes equaled twice the 
depth of cut but was usually about one to one and one-— 
half times the depth of cut. However, there was a 
rather strong tendency to adopt and maintain a fairly 
constant spacing for any given cut regardless of the 
variation in the depth of individual holes. 

Too frequently the exact placement of a hole was 
determined by the existence of a good place to drill 
rather than by the relative distances to adjoining holes. 
The depth drilled below grade was most frequently an 
arbitrary constant for any given cut with but little or 
no variation for different depths of the individual holes. 
Thus, on one job on which the depth of cut varied from 
2 to 10 feet and the spacing from 2% to 6 feet, the 
depth below grade was always 2 feet. On a second job 
on which the depth of cut varied from 5 to 20 feet and 
the spacing from 4 to 10 feet, the depth below grade 
was always 2 feet. On a third job in disintegrated 
eranite with cuts from 5 to 24 feet and the spacing 
about equal the depth, the depth below grade was 
always 3 feet, while on a fourth job with cuts mostly 
10 to 20 feet deep and a spacing of about 12 feet between 
holes and 8 feet between rows, the depth below grade 
was always 4 feet. A further consideration of Figure 6 
will help to illustrate why such practices are likely to 
result in improper fragmentation or shattering of the 
material, and high unit costs. 


| 
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UNIT COST HIGH FOR SHALLOW CUTS 


If the distances between holes and rows as well as 
the depth of the holes are given in feet with the desig- 
nations as indicated in Figure 6, we note that the vol- 
ume of material above grade line may be expressed in 
cubic yards for each hole as: 


ve abd? 

ye: 
while if D be used to designate the linear feet of drilling 
required per cubic yard of pay material, we have: 


27 (let ae) 
D= abd? 


Thus, within those limits in which the ratio of the 
spacing of holes and rows as well as depth below grade 
holds true, the volume of pay material per drill hole 
varies directly as the cube of the depth of the cut and 
the amount of drilling per cubic yard of pay material 
varies inversely as the square of the depth of the cut. 
The amount of explosives required per cubic yard of 
any given material, however, varies only slightly with 
the depth of the hole. These facts help to explain why 
the unit cost of removing shallow cuts of hard rock is so 
high. 

If we consider, for example, four cuts of the same 
kind and character of uniform solid rock, the first of 
which is 2 feet deep, the second 4 feet, the third 8 feet, 
and the fourth 16 feet deep, in which both rows and 
holes can be spaced at three-quarters of the depth of the 
cut and the depth to which the holes must penetrate 
below the grade is one-fourth of the spacing between 
holes, then the amount of drilling, in linear feet, 
required per cubic yard of pay material for each cut is 
as follows: 


Z=tOOURCLILEEES Se ee ee eros 8 ee A eS 14. 25 
AL OO URC ULE ene ee eee ne ee yey toe ee 8 3}; (510) 
Sal OOURGLL lameness rm ete hs ye eed) ey Ie Pe A ES . 89 
G=TOOtECU Laer nse me weer re et te eee 2 ee et ee SY ep: 


Thus, if the cost of drilling be 30 cents per linear foot, 
as is frequently the case, then the cost of drilling alone 
is $1.07 per cubic yard of pay material for the 4-foot 
cut, $0.27 for the 8-foot cut, $0.07 for the 16-foot cut, 
and the entirely prohibitive figure of $4.27!5 for the 
2-foot cut. Even in the case of the 4-foot cut, the cost 
of the drilling alone is higher than the price frequently 
bid for moving solid rock, while on the other hand in 
the case of the 16-foot cut the unit drilling cost becomes 
but a relatively small item in the total cost of moving 
the material. 


PROCEDURE MUST BE VARIED TO FIT ACTUAL CONDITIONS 


The amount of explosives required per cubic yard of 
material tends to remain much more nearly constant, 
increasing only slightly as the depth of the holes 
decreases. Both theory and practical experience indi- 
sate that in shallow cuts it is cheaper to drill propor- 
tionately much deeper below grade than is advisable in 
the deeper cuts. This, of course, requires more explos- 
ives in moving nonpay material but decreases very 
materially the unit cost per cubic yard for the total 
combined operations of drilling and blasting. Exper- 
ience has also shown that in very deep cuts of tough, 
very blocky, or nonuniform rock thorough breakage 
can not readily be accomplished if the holes are spaced 
as far apart as theory would indicate to be possible. 


While in most rockwork encountered in highway erad- 
ing the spacing both between holes in transverse rows 
and of rows from the face or from each other bears 
some fairly definite relation to the depth of cut in that 
particular material, there is both an upper and a lower 
limit fixed largely by considerations of cost and the diffi- 
culty of effecting the proper degree of fragmentation. 
These limitations can be expressed as follows. 

The spacing of drill holes both from the face and 
from each other should be proportioned to the depth of 
cut at that point, except that only in the most excep- 
tional cases where is it impractical to drill the holes at 
least 4 feet deep need the spacing of rows ever be less 
than 3 feet from the face or between rows. For most 
rock the spacing between holes need never be less than 
4 feet, provided that the total depth of the hole is not 
less than 4 feet and penetrates at least a foot and a 
half below the level to which the material must be 
removed. In very tough or blocky material, a spacing 
of over 10 to 12 feet will usually require the drilling of 
secondary holes to about one-third to one-half the 
depth of the cut in the middle of the areas formed by a 
hole at each corner. These secondary holes, as well as 
any supplementary charges in the stem of the main 
holes, are then fired simultaneously with the main 
charges. This method should give good breakage for 
cuts up to 20 feet, which probably is close to the limit 
of the present economic depth of a single lift in most 
rock materials. In sidehill work considerable care 
must be taken in arranging the layout of the drill holes in 
order to prevent a too wide spacing for the shallow holes. 

As has already been indicated, it is usually found 
advisable to drill the very shallow cuts considerably 
below grade in order to permit a wider spacing and so 
reduce the drilling cost. While a strict adherence to 
the rather general practice of spacing the holes three- 
quarters of the depth of the cut would, in a 2-foot cut, 
require over 14 feet of hole per cubic yard of pay 
material, according to the formula given above, the 
drilling of 4-foot holes 4 feet apart and 3 feet from the 
face would reduce the drilling to about 4.5 feet of hole 
per cubic yard of pay material. The total amount of 
powder required per cubic yard of pay material would 
probably be about doubled, but this would be largely 
compensated for by the saving in blasting caps, wiring, 
and time and trouble of loading. Where hard shoot- 
ing is permissible the total cost of drilling and blasting 
a cut as shallow as 2 feet can be still further reduced 
by additional increases of the depth and spacing of the 
holes and the amount of explosives. This is especially 
true for materials which are not very difficult to frag- 
ment or shatter properly. Increasing the depth of the 
holes in the above 2-foot cut to 5 feet and the spacing 
to 5 and 4 feet, respectively, would require only about 
3.38 feet of drilling per cubic yard of pay material, a 
saving of about 1.1 feet of drilling at the cost of an 
increase of about one-fourth to one-half pound of ex- 
plosives per cubic yard of pay material. Figure 7 
illustrates the difficulties of drilling and blasting in 
shallow cuts of hard rock. 

On a few jobs it was found advantageous to use two 
different depths of hole. For example, for one blast 
the first holes were drilled about 18 feet deep (3 feet 
below grade) with a spacing of 12 feet across the cut 
and about 11 feet between the rows which were not 
staggered. A second set of holes was then drilled in 
the center of the squares formed by the four holes to a 
depth of about 7 feet, or not quite through the hard top 
strata which rested on a thin seam of softer material. 
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The deep holes were sprung and the principal charge 
placed at the bottom with a smaller charge in the stem 
above the soft material. The shallow holes were only 
lightly sprung so that the charge occupied shghtly more 
than one-half the depth. The explosive was 40 per 
cent dynamite and all charges were fired simultaneously. 


a ‘ 
we. 





ie. 


FIGURE 7.—SHALLOW Cuts IN Harp Rock ALways PROVE 
EXPENSIVE. ALTHOUGH THE CONTRACTOR SPENT $2 PER 
Cuspic YARD ON DRILLING AND BLASTING IN THIS CUT 
(Mostty 2 to 4 Ferer Derrp), THE Rock Was STILL So 
PoorLty BrRokEN THAT THE Cost oF GETTING IT INTO THE 
Fitt ApDED OveR ANOTHER DOLLAR 


DRILLING COSTS AND RATE OF PRODUCTION DISCUSSED 


On typical projects the average cost of drilling in fairly 
hard uniform rock with the customary jackhammers 
(see fig. 8) was nearly 30 cents per linear foot of finished 
hole. Largely because of the varying nature of the 
rock the drilling cost per foot varied over a wide range 
and occasionally reached about double this figure. One 
rather extensive job on which the average depth of the 
holes was 5 feet with most of the cuts from 2 to 5 feet 
deep, required 2.85 linear feet of drill hole per cubic 
yard of rock at a cost of $1.60 per cubic yard or 56 cents 
per linear foot of drill hole for the drilling alone. On 
the other hand, on some jobs involving mostly deep 
holes the drilling per cubic yard was sometimes as low 
as 0.1 foot. There is no definite indication that the 
net hourly rate of drilling is appreciably faster for 
shallow than for deeper holes, except in materials which 
give trouble from sticking or broken drills. The 
shghtly larger time losses in the deeper holes from 
changing steel, blowing holes, etc., seem to be largely 
compensated for by the fewer moves until a depth of 
about 20 feet is reached, after which the rate slows up. 
All but five of the rock jobs studied used air-driven 
jackhammer drills weighing about 70 pounds each and 
all statements and conclusions are based on the use 
of drills of approximately this size and type. 

The rate of drilling varies with the material, the type 
of equipment, and the management. On some indi- 
vidual jobs over 60 per cent of the time the drilling 
crew was out on the job was unproductive. The rate 
of production per elapsed hour was therefore low on 
these jobs, regardless of the kind of material. Table 2 
shows the average rates obtained on all the jobs for 
which complete data were available, the net rate while 
the drill was actually in operation, and the causes of 
the more persistent delays. 

The materials listed in Table 2 have been grouped in 
accordance with their apparent ease or difficulty of 
drilling as indicated by these studies rather than accord- 
ing to the usual classification. The table shows that 


while the average actual cutting rate of the drills in 
some materials was nearly 75 per cent more than in 
others, the actual production of linear feet of completed 
drill hole per hour during the time the crew was out on 
the job was much more nearly uniform and the maxi- 
mum difference in actual production of finished drill 
hole per drill was less than 35 per cent. 


TaBLE 2.—Average rates of production and time losses for drilling 
in various materials; 60 to 70 pound jackhammers used in most 
cases 











Sand- | Ht i 
stone, aes ard Ps 
hard’ | Granite, himestone, Lime | Weighted 
DOFPDYIY shee cca eatleelOne, at 
shale, | -) | stratified F | general 
Item hardpan felsite, miteays | Stratified,| average 
| disinte- Naess uniform yee of studies 
grated . hardness 
granite 
Feet drilled per hour, total | Jeet Feet Fee Feet Feet 
stud yitime: eS eee 13.8 14.8 15.5) 11.5 14, 2 
While drill was in operation____| 36. 2 28. 9 24. 2 2182 26.1 











DELAYS DURING STOP-WATCH STUDIES! 
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Changeldrillss a2 saeseess = sees 2A 9.8 foie 7.8 8.9 
Clean or blow holes__-----.---- 23. 4 10. 0 4.0. 14.0 afin! 
Steel stuck or broken_____.--__- 15.8 7. 6 | 6.3 | 5.3 7.3 
Move to new hole________------ 2.5 4.9 hater 3.4 4.0 
Springing holes see ee eee eee ee 1.5 1.0 | dena) 1.4 
Operator. ss see ee ee ee 3.2 4.4 4.7 4.0 4.0 
Mechanical trouble________---- sail 2.2 Be | 2.0 2.0 
No steela2 eee ee oe a2 3.8 ie aD 2.6 
IMrscellancoussa asa ee oe 4.1 4.4 | 1.9 | 7p 4.3 
| 
Total lost time while out on job_ 62. 0 48. 6 36. 1 | 45.8 45. 6 
| 





1 Delays are tabulated in percentage of available working time 
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Figure 8.—GENER 
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AL TYPE OF JACKHAMMER DRILLS USED 
IN Highway Work 


The time losses or delays in the easily drilled rocks 
of the first group were so large as more than to counter- 
balance the gainful effects of easy drilling. The chief 
delays were due to cleaning the holes and stuck or 
broken drills. These causes accounted for about two- 
thirds of the total time losses in the soft or decomposed 
materials, as against one-third for the same items in the 
igneous rocks of the second group. The poor showing 
in regard to actual cutting rate in the stratified lime- 
stones was largely due to the caution continually ex- 
ercised by the drill operators to avoid crooked holes and 
stuck drills. That such caution can be made to pay is 
evident from the fact that while the cutting rate in 
hard stratified limestone was 25 per cent less than for 
the rocks of the first group, the actual production in 
finished drill holes was over 12 per cent greater. The 
generally rougher country in which the igneous rocks 
are usually encountered is reflected in the difficulty of 
keeping the drill operators supplied with steel. For 
the igneous group 3.8 per cent of the otherwise available 
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working time was lost on this account, as against a 
maximum of 1.7 per cent for any other group. 


AIR PRESSURE AND QUALITY OF DRILL STEEL IMPORTANT 


There are apparently several other conditions which 
influence the rate of drilling but upon which definite 
data are difficult to obtain. Thus, the rate at which 
the drill will cut in a given rock depends on the air 
pressure at the drill, the type and condition of the drill 
bit, and the hardness of the cutting edge or the length 
of time that the cutting edge remains fit for rapid 
cutting. 

High air pressure is not of itself a guarantee of a 
high caine rate for the average job. In hard rock a 
working pressure of over 100 pounds per square inch at 
the drill is very likely to cause excessive drill breakage. 
In a soft, seamy, or highly stratified rock with a lars ee 
angle of dip, working on full open throttle at this pres- 
sure is likely to cause excessive sticking. In rock of 
this kind a working pressure above 100 pounds per 
square inch at the drill is not necessary. For very hard 
rock the present knowledge and facilities for obtaining 
the proper degree of hardness and toughness in the 
sharpened steel to withstand this pressure are not as 
yet available to the average highway job. 

More attention should therefore be given to perfect- 
ing both the steel now used for drills and the methods 
of heat control and manipulation employed in the drill- 
sharpening outfits commonly found in highway work. 
Not only is there great need for a drill which will permit 
advantage to be “taken of the higher cutting rate in 
hard rock which can be achieved by the use of higher 
air pressure, but there is also need of a more adequate 
drill steel or a means of hardening and tempering 
present steels so that they will better maintain their 
cutting edges and proper gage sizes. 

Table 3 shows the effect of air pressure at drill on 
rate of cutting hard granite and hard stratified lime- 
stone. The stratifications, however, were all practi- 
cally horizontal and therefore did not add to the dif- 
ficulty of drilling. 


TABLE 3.—Effect of air pressure at drill on rate of drilling with 
70-pound jackhammer in good condition. Holes 8 to 15 feet in 
both studies 


HARD LIMESTONE WITH HORIZONTAL STRATA 














Rate of 
at ue Number 
Working pressure at drill Avilla of 1-hour 
| in actual studies 
operation 
| Feet per 
Pounds per square inch | hour 
BO ek ye tae ee Cane epee BE Diy ee 2 Ne eee 5 11.0 1 
BOLO 10 ree oe ere ee IS ee a oe 23.8 22 
ROO; SO ern = ee nee See tee oe Ree ee 8 ees 22.8 44 
FA DOV.GL SO oe ee ee ee eee ee e. Ur 0. e  e ee 28. 9 2 
HARD GRANITE 
AeBe ays2 ye eh be So Ry Shaken ORNS) RL fs de gee 1.5 | 1 
BD en eee eee ee = Es Re ne CE et oe ee ae 3 
60 10:70 Bee wee Me ee ed ee ee eae 13.9 | 6 
TB hO S70 dante thay eee os oe hate) wae eS anes ae ea eae nee 21.8 | 5 








On a cae majority of the jobs studied the working 
air pressure at the compressor ranged from 80 to 100 
pounds per square inch. Thus, only one job was found 
which used a regular working pressure of 125 pounds 
and only one job using a regular working pressure below 
70 pounds per square inch. But the pressure at the 
compressor may be quite different from that at the 





drills. In general, too little attention is given to the 
size or condition of the pipe and hose lines. Air leaks 
were numerous in most lines. Gage readings on one 
job showed an average loss of A pound of pressure for 
each 16 feet of 3 (inch hose or *%-inch ordinary iron pipe 
line when Anplyine one drill at about 75 pounds pres- 
sure. However, but few jobs were found with a pipe 
line as small as this. ‘The more common size was 1 inch 
for the pipe, although the use of %-inch hose was fairly 
common. <A few jobs on which four to six drills were 
in regular use from a common pipe line used 2-inch 
pipe, “while one job had a 2%-inch line. Pipe lines as 
long as 1,200 feet were anne in use. Needless to say, 
pipes of this length must have very tight unions and be 
of sufficient size for the number of drills to be supplied, 
or the working pressure will be very low. 


TIME LOSS IN UNPRODUCTIVE OPERATIONS DEPENDS ON OPERAT- 
ING SKILL, EQUIPMENT, AND CHARACTER OF ROCK 


On present jobs from 7 to 12 per cent of the working 
time is lost in changing drills, although it is known that 
the practice of using each steel until its full depth has 
been reached is far more common than that of changing 
the steel when it has become dulled to such extent that 
the rate of penetration is materially reduced. Thus, 
the common practice is to cut the steel into lengths 
which are multiples of 1% or 2 feet, the latter being the 
most common. But hard and difficult rock will often 
dull the steel so much in drilling 1 foot that the time 
required for the following 6 inches is equal to that re- 
quired for drilling the first foot. About the only times 
regular changes are made before the drill length has 
been attained is when the drills regularly lose so much 
gage that the following drill will not work readily. 
And even these conditions are usually blamed on the 
blacksmith, who is importuned to increase the die. 

The studies show that under normal field conditions 
the drill is cutting rock only from 35 to 60 per cent of 
the total time the operator is on the job. The rest 
of the time is largely consumed in performing a number 
of necessary but unproductive operations, such as 
changing steel, blowing the hole, moving to the next 
hole, ‘oiling the drill, ete. Frequently additional opera- 
tions become necessary or are added to the duties of the 
drill operator, such as removing a stuck steel, clearing 
overburden, bringing up steel, or springing the drilled 
holes. (See Fig. 9.) The amount of time consumed 
in performing each of these operations varies with a 
number of factors, among which the skill and experi- 
ence of the operator and the kind, character, and nature 
of the rock play a very important part. The time 
studies show that some operators regularly consume at 
least twice as much time in changing steel as do some 
others, while in certain kinds of rock the unskilled or 
inexperienced operator frequently loses several hundred 
per cent more time in extricating stuck steel than his 
more skilled and experienced coworker. The amount 
of time lost in performing the various necessary un- 
productive operations is also dependent on the char- 
acter of the rock. In rock in which the drill will cut at 
the rate of a foot in two minutes, the number of steel 
changes per hour will ordinarily be about twice as many 
as in a rock in which the drill will only cut at the rate 
of a foot in four minutes. On the other hand, in soft 
rock more time is usually required for such operations 
as blowing or cleaning the hole and from steel getting 
stuck, while in very hard rock much time is frequently 
lost from broken steel, especially if the air pressure at 
the drills is too high. 
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The actual time in which each individual operation 
can be performed also varies with several factors. For 
example, aside from the skill of the operator, the time 
required to exchange steel varies with the depth of the 
hole. The following is a typical set of stop-watch 
readings of the exchange time for an excellent operator 
while drilling a hole 15 eles deep in fairly hard but 
uniform er anite: 20, 22, 25, 32, 40, 40, 47, giving an 
average exchange time of 32 seconds for the hole. The 
first and second exchanges of steel are frequently made 





Boe 


FigurE 9.—In Some Rock aN INEXPERIENCED OR 
CARELESS OPERATOR WILL SPEND Mucu or His TIME 
REMOVING STUCK STEEL. Poor SHARPENING EQUIPMENT 
oR A Caretess BuacksmitraH Witt Intrensiry TuHIs 
TROUBLE 


in 15 to 20 seconds and single individual readings as low 
as 12 seconds are on the records. The increase with 
depth is rapid, and a 20 to 25 foot steel is seldom ex- 
changed in less than a minute with the average time 
nearer 2 minutes. If the steel happens to stick or bind 
in the chuck, as is frequently the case, the exchange 
time for that particular change may readily be doubled 
or even trebled. This is the reason why the records of 
many thousand stop-watch studies show an average 
exchange time of about 45 seconds for holes from 12 to 
15 feet in depth, while the individual readings range 
from 12 seconds to somewhat over 6 minutes, and the 
percentage of the operator’s time consumed in EEE 
ing steel varies from less than 3 per cent to over 25 per 
cent with an average of 8.9 per cent for 20 fairly large 
jobs. (See Tables 2 and 3.) 

The contractor who has much rockwork should there- 
fore find it profitable to give considerable attention to 
the training of the drill operators to perform all neces- 
sary operations in the shortest possible time. The 
drilling crew is really only productive when the drill is 


actually cutting rock. The various operations which 
interfere with actual production should therefore be 
reduced to the lowest possible limit. The contractor’s 
interest must not end with simply insuring a high utili- 
zation of the available time. He must also see that the 
utilized time is converted into the greatest possible 
number of linear feet of properly placed and spaced 
holes. This requires the constant maintenance of 
adequate air pressure at the drills, together with an 
abundant supply of properly sharpened and correctly 
tempered steel of the right lengths within easy reach of 
the operator. One of the surest ways to make certain 
a low production from the drilling crew is to permit any 
one of the following to occur: Low air pressure at drills, 
too soft or too hard steel, poorly sharpened or poorly 
gaged steel, or requiring the drill operator to bring up 
his own steel or to move a heavy overburden in order to 
locate the holes. Under many conditions any one of 
these can readily reduce production more than 25 per 
cent, and if two or more are allowed to occur simultane- 
ously production may readily drop to one-half of what 
would otherwise be possible. 


AMOUNT OF EXPLOSIVES USED VARIES WIDELY 


The amount of explosives required per cubic yard of 
identical pay materials is generally larger in highway 
grading than in most lines of rock work, since it 1s so 
essential that all the material be broken into fragments 
small enough to permit fast and steady operation. of the 
shovel. In most highway work this does not mean the 
use of exceptionally large single charges but rather closer 
spacing of holes, lifts of moderate depths, and a careful 
proportioning and placing of the charges of the proper 
kind of explosive so as best to utilize the full force of the 
explosion in loosening and shattering the material. In 
very hard, tough material the holes should always be 
sprung so as to form a cavity or chamber of sufficient 
size to accommodate most of the charge at the bottom 
of the drill hole. The same is also true of deep holes in 
the softer rocks, except when the danger of losing the 
hole by the springing is too great. To form this cavity 
in hard rock may require the firing in each hole of as 
many as five or six gradually increasing successive 
charges of high-strength explosive. On most of the 
jobs studied one to three successive charges usually 
proved sufficient to spring the holes, although one single 
hole has a record of 16 successive charges. 

Table 4 shows for a number of jobs the amount of 
explosives used both for springing and blasting and also 
certain other pertinent data as to the type of explosive, 
average depth of holes, and the condition of the material 
after the blast. The two columns showing respectively 
average depth and average spacing of the holes give 
the arithmetical averages “for all holes for which com- 
plete data were available. Since sidehill cuts predomi- 
nated on all but three jobs (1, 2, and 5) these figures 
give only a roughly approximate measure of either the 
actual depth or the actual spacing of the individual 
holes and were added only to give a general idea of the 
nature of the work. 

Table 4 shows that the average amount of explosive 
used per cubic yard of rock on each of these jobs varied 
from 0.50 to 1.90 pounds, and that the job using the 
smallest amount of explosive resulted in good breakage 
of the material while the breakage on the job using the 
most explosive was very poor. This helps to emphasize 
the fact that good breakage or fragmentation can be 
obtained fairly easily in some materials, but is difficult 
to obtain at all in others, and especially so in shallow 
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cuts of tough material. The poor results on job No. 10 
can be ascribed very largely to the fact that the holes 
were not sprung. Consequently, the charge in a 5-foot 
hole usually came within about 18 inches of the top, 
which was insufficient space for proper tamping even 
when 60 per cent dynamite was used. Near the close 
of the studies, Pee the holes three times with one- 
half, one, and two by 8 inch sticks of 60 per cent 
dynamite was tried, cane the net result that the use of 
the same total amount of explosive per cubic yard 
ae a better fragmentation with a spacing of 4 by 

s feet, than had been obtained from a 3 by 3 re 
es ‘of unsprung holes. This wider spacing required 
only half the amount of drilling previously necessary. 


TABLE 4.—Average amount of explosives used per cubic yard of 
pay material on 17 typical jobs 



































{ 
Explosive per cubie yard 
eens Aver- & 
Black ondition age verage 
Job pyrene OY pow: | ofmaterial) depth | spacing 
‘iG gelatin der | for moy- Kind of material | of holes; of holes 
ie ie Total 8 Nac (ap- | (approxi- 
Nene | shovel | proxi- mate) 
ie Blast- Blast- Pinte) | 
holes | a ye | | 
| | | 
Pounds | Lbs. | Lbs, \ Lbs. Feet Feet 

] 0)04 sce ees ORSAs OL SOu Oona Soft and seamy 30 | 25 by 18. 

granite. 

2 300. 2255-2 eos loon eOOlssae= iHlard) basalte=ss=se 18 | 19 by 19. 

33 Boe eOS4 4S ees (| Grayexele a. 2 Massive granite___- 14 | 10 by 8. 

4 iO Ue Nee feeOON maroon wiiainessaee Conglomerate-_-_--- 15 | Variable 

5 SPORE SON Ee =e 1 On RROOheeeer Stratified limestone 16 | 15 by 12. 

6 OG Hee ean S LOGS 2 Goods == Shales eae gee tele eo 13) | 12s by. 12: 

7 nO 2a ee OSie vet 5u ero 0m) GOoodasa=s | Disintegrated gran- 10 | Variable 

| ite. 

Sel a) WG) olay || Sey sie Stratified limestone 12 | 10 by 10 

| | | and shale. 

9 | OZ aie tie (eeroO! || eee OOgueG OO seaes Seamy basalt_______ PA) sy Youre 1s 
10; (4) 1 OO paeee 1.90 | Very poor} Hard granite______- if (| G5 leony? sh, 
11 BOA I davai TOON Re Oona == Very hard ganite___ 14 | 8by 8. 
12 5\pee2vep Oeil. 00) |Remeee: 1.55 | Good_._-- Very hard felsite____! 13 | 7 by 7. 
13 | =i ee tte a te Sistas (fol gen hee landisehistmeas ss 12 | 9 by 9. 
14 | FLOM SOM ees oe .60 | Good___-- Foliated granite___- 10 | 10 by 10. 
5am Sle oul ee SR} || Wee oe Hard granite______- 16 | 8 by 8. 
16 plopige 8 (peene-e ln O20 G OO eseae Very hard granite __ 16 | 8 by 8. 
LA ELON eat pal Soe S 2 OT, | Good_____ Soft granite_....--- 18 | 10 by 10 








1 Near close of studies springing was begun using approximately 0.30 pound of 60 
per cent dynamite per cubic yard for springing and 1.60 pounds for blasting. 
2 Part of this was used in burning the deeper holes to keep drills from sticking. 


CHARGES SUGGESTED FOR FIRST TRIAL SHOTS 


In shale, hardpan, and some soft or partly disin- 
tegrated rocks the use of a black powder is usually 
preferable, as these blasting powders are much slower 
in action and give a very large volume of gas which 
exerts a lifting or heaving action that is very effective 
in this type of material. The ordinary black powder 
can only be used in dry holes; and, since both sidehill 
and through cuts in road work are likely to be more or 
less wet, a low-strength, slow dynamite or blasting 
gelatin must generally be used. Figure 10 shows the 
results produced by an explosive charge of this type. 
Because of the prime importance of insuring good frag- 
mentation, the use of a rather high-strength dynamite or 
blasting gelation is generally found most satisfactory 
for the harder rocks. For the first trial purposes, a 
blasting charge of 1 to 14 pounds of 50 per cent or 60 
per cent dynamite, or its equivalent, per cubic yard 
of burden is suggested for untried materials of a hard 
and tough character. These suggestions are given in 
outline form in Table 5. 

For the first trial only enough holes should be drilled 
and fired to make a fair test of what this spacing and 
loading will do in the given material. From this evi- 
dence either the spacing or the loading or both should 
be modified as the results indicate to be necessary or 
advisable. Table 5 is intended for trial use only where 
the depth of cut is between 5 and 20 feet. 


TABLE 5.—Suggestions for spacing of drill holes and amounts of 
explosives for the first trial shots in unfamiliar materials where 
hard shooting is permissible 





| Spacing of Coefti- | 
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drill holes! cient 1 | es 
| elena) Pe ees Use : ih, a 
Type of material RHO ces se an explosive equiva- 
| below |Per cubic lent to— 
| | yard of 
al Pore pe 
b er ce | burden | 
| 

a = ey hoe | aye Big eR —— ——— 

. | a | = . 
ee ay | 14 14) 118 ae per cent. straight 
sult to she : | dynamite. 

Most hard, dense, un- 24 24 16) 1 50 per cent straight 
weathered ledge rock. | dynamite. 

All medium hard, weath- 34) 24 1g, 1to14 40 per cent straight 
nae ee Bay ee dynamite, or blasting 
egrated rock; those 7¢ i BS are 
hich shatter readily | | seat se 
and very hard shales. | | 

Ordinary shale, hardpan, | 144) 1 14/74to1 | Blasting powder if holes 
and similar materials, | | | are dry; otherwise 20 

| | per cent straight dyna- 
| | | | mite. 
| | 


1 See Figure 6 and text, p. 296. 
8 The loading suggested is net amount of explosives for actual blast and does not 
include amount required for springing holes. 





Harp-Pans AND PARTLY 
A SLOW, 
Heavine Action Is Best. Tuts 18-Foor Lirr Was 
THoroucHity Broken, ALTHOUGH THE ONLY SURFACE 
InpicaTIons Were A Frew CRACKS AND A HEAVE OR 
BuuGce ABOVE THE ORIGINAL GROUND LINE 


Figure 10.—For Most SHALES, 
DISINTEGRATED Rocks an ExXpiLositvE HAvING 


Following is the procedure for finding the actual 
amount of explosive which should be placed in each 
hole. Measure the depth of the hole, its distance from 
the next hole in the same row, and also the distance 
from the hole to the face or to the next row of holes. 
Multiply these three distances together and, if in feet, 
divide the product by 27. The ‘quotient is the ‘‘bur- 
den”’ on this hole in cubic yards. Multiply this burden 
by the amount of explosive to be used per cubic yard. 
This gives the amount of explosive to be placed in that 


hole. Thus, if a hole is 13 feet deep and the spacing is 
6 and 7 feet, respectively, then the burden is 
Pali : 
see —— = 20.2 cubic yards. 


If the rock is very hard and tough so that 11s pounds of 
dynamite are required per cubic yard, then We charge 
for this hole will be 


20.2 X1%=22.7 pounds. 


For shale, hardpan, or soft or partly disintegrated 
materials the trial charge might well be either a coarse 
blasting powder; if the ‘holes are w et, a slow dynamite 
should be used. If the ground w ill permit springing 
without the loss of too many holes they should always 
be sprung sufficiently to chamber practically the entire 
charge and should be loaded and tamped as indicated 
in Figure Ok. 
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When there are intervening or alternating strata of 
hard and soft material, closer than normal spacing will 
usually be required and a portion of the charge in the 
form of dynamite should be placed in the stem of the 
hole within the hard strata as indicated in Figure 11. 
These auxiliary charges in the stem should all be fired 
simultaneously with the main charge by means of inde- 
pendent caps and primers wired to the same circuit. 
This method should give fairly satisfactory results as far 
as fragmentation is concerned, provided that the greatest 
spacing of the holes and rows in fairly hard or tough 
material is not more than three-quarters the depth of 
the cut, and that these holes penetrate sufficiently 
below grade to leave no hard, projecting points between 
adjacent holes. If the trial blast shows insufficient 
fragmentation the amount of explosive may be increased, 
or if much of the material is broken too large the spacing 
should be decreased. Since the burden on any hole 
of a given depth varies directly as the product of the 
spacings between holes and rows, the amount of explo- 
sive placed in each hole should be varied proportionally 
whenever the distance between holes and rows is 
increased or decreased. 

Special care should always be taken to make certain 
that the holes along the ditch or slope lines are placed 
and spaced correctly and are of sufficient depth to insure 
full breakage to the bottom of the established ditch line. 
In deep cuts of difficult materials where the require- 
ments as to slope smoothness are severe it is frequently 
advantageous to drill the slope or ditch holes at about 
the same angle as the specified side slope. Then, 
instead of placing the entire charge at the bottom of the 
hole a part is placed in the stem as a secondary charge, 
which is primed and wired so as to explode simul- 
taneously with the main blast. 


CLOSER SPACING NECESSARY WHERE HEAVY SHOOTING IS NOT 
PERMISSIBLE 


Where heavy shooting is not permissible the-only way. 


in which good fragmentation can be obtained is by a 
closer spacing of the holes. But drilling is expensive. 
A foot of drill hole seldom costs less than a pound of 
high-grade explosive and frequently as much as 2 
pounds. The spacing should therefore be the greatest 
at which sufficient fragmentation to permit easy shovel 
operation can be achieved within the limits of the 
heaviest permissible shooting. In very hard, tough 
rock this maximum permissible spacing is sometimes 
as low as one-half and seldom exceeds three-quarters 
the depth of the cut for cuts less than 16 feet deep, 
and probably rarely exceeds 12 feet of actual distance 
for cuts over 16 feet, unless supplementary charges are 
placed in the stem of the original or master holes and 
also in holes which have been drilled to within one-third 
to one-half the depth of the cut near the middle of 
each quadrilateral formed by four deep holes. 


SUMMARY OF FACTS BROUGHT OUT BY STUDY 


The sole purpose of drilling and blasting in highway 
grading work is to condition the material for removal, 
usually with a power shovel. Moreover, the daily or 
hourly cost of the power-shovel grading outfit is high— 
usually between $15 and $25 an hour—and practically 
constant whether the rate of production is high or low. 
Low production cost can therefore only be obtained 
through high production; but in order to maintain a 
high production rate the blasting must be thorough and 
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Figure 11—SuGGEstTions FoR LocaTING THE BLASTING 
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Excrerps 8 Frer. No Stem CuHarGge SHOULD Have 

Less THAN 2 Freer or TAMPING OVER I? 


FOR UNIFORM HARD MATERIALS 


sufficient to shatter the material into fragments small 
enough for ready handling by the shovel. The blasting 
must also proceed sufficiently ahead of the shovel so 
that there will be no appreciable delay from waiting for 
the blasting to be done. This means, in general, that 
the blasting of each cut should be completed before 
work is begun on that cut by the shovel. On this 
account, road work seldom affords much opportunity 
for firing the various rounds against a free face as in 
quarry work. As a result, relatively more explosive is 
required and relatively closer spacing of holes is neces- 
sary in order to insure proper fragmentation. 

Perhaps the most significant feature disclosed_by 
this study of drilling and blasting in highway grading 
work is the very general absence of that grade of super- 
vision, organization, and matured planning which is 
given to the remainder of the job. Frequently all de- 
cision as to such important points as the location, 
spacing, and depth of holes is left entirely to the drillers. 
Too often this results in the holes being placed where 
it is convenient to drill rather than where they wall do 
the most good. This lack of planned direction usually 
also extends to the method of loading and the amount 
of explosives used in each individual hole. With such 
conditions forming the general rather than the excep- 
tional practice, there is no wonder that nearly three- 
quarters of all rock jobs reported the shooting as un- 
satisfactory from the viewpoint of fast, easy shovel 
operation. All the available data indicate that the cost 
of this poor shooting is as high and (Gf we include the 
usual] pop holes to attain grade and the block holes and 
mudcaps necessary to break up boulders) frequently 
much higher than on those jobs where the shooting is 
good. For similar conditions and materials, the poorly- 
shot jobs often actually pay more per cubic yard for 
their drilling and blasting than do those jobs on which 


(Continued on p. 308) 


EFFECT OF TYPE OF BREAKING MACHINE ON THE 
MODULUS OF RUPTURE OF 6 BY 6 INCH 
CONCRETE BEAMS 


By O. K. NORMANN, Junior Highway Engineer, Division of Management, U. S. Bureau of Public Roads 


ONCRETE pavements are now very generally 

opened when the breaking strength or modulus of 

rupture of beams made at the time the slab was 
placed reaches some specified value. Various types of 
portable or semiportable machine are used for breaking 
these beams, and the question of the comparative 
values given by different types of machine under actual 
field conditions is therefore of prime importance. 

During the course of some rather extensive produc- 
tion studies during the summer of 1930, an opportunity 
arose to compare the values obtained under field con- 
ditions from two radically different types of beam- 
breaking machine, and to check these results against 
the values given by 2-point loading in a universal 
testing machine. These data indicate that it would 
be well if every field machine could be calibrated against 
the standard laboratory set-up before it is placed in 
service. As these field machines frequently receive 
very rough treatment it might also be desirable to have 
this calibration rechecked before the beginning of each 
subsequent construction season. 

The chief structural difference in the various types 
of machines now in use for breaking concrete beam test 
specimens is in the arrangement of the lever arms, 
which produce the bending moment in the beam. All 
of these various arrangements are apparently satisfac- 
tory so far as breaking the test specimens is concerned, 
but differ widely in the amount of shearing stress im- 
parted while developing the necessary bending moment. 


TESTS MADE WITH THREE TYPES OF BREAKING MACHINE 


During the progress of certain production studies on 
Tennessee Federal-aid project 212—A, in McNairy 
County, involving the construction of 12.34 miles of 
concrete pavement, it was noted that the modulus of 
rupture as obtained for beams broken by a portable mul- 
tiple-lever beam-breaking machine was regularly much 
higher than values given by beams broken with a very 
simple cantilever device. Since two multiple-lever 
machines, one simple cantilever device, and a universal 
testing machine were available, a series of eight sets of 
beams were at once made and cured under conditions as 
nearly alike as possible in every respect. Some breaks of 
each set were made by the simple cantilever device; 
others by one or the other of the two portable multiple- 
lever machines, and still others were broken by the 2- 
point loading method in the universal testing machine. 

Three 6 by 6 by 36 inch beams for each of 7 sets and 
one set of 4 beams, or a total of 25 beams, were made 
from concrete taken from near the center of selected 
batches of uniform consistency as they were dumped 
on the subgrade. The molds, made of angle irons with 
an iron-plate bottom, were each filled, spaded once 
around the sides, tamped 50 times 1 inch from the side 
with a standard tamping rod, and then spaded once 
more, after which the top surface was finished with a 
trowel. After being marked and numbered, the beams 
were covered with wet burlap and allowed to remain 
undisturbed in the molds until they had been hauled 
to the curing tank on the following day, when the molds 
were removed and the beams placed under water. 


‘portable beam-breaking machine. 


Beam 1 of each set was kept submerged until the 
twenty-eighth day, when it was removed from the cur- 
ing tank and broken (three breaks) on the simple 
cantilever device. Beams numbered 2 and 3 of each 
set were removed from the curing tank after 23 to 26 
days of curing, wrapped in wet burlap, and hauled by 
truck to the Tennessee State highway laboratories, 
where they were placed in the moist room until the 
twenty-eighth day, at which time each beam was 
broken once in the 50,000-pound universal testing 
machine and then twice in the multiple-lever type of 
The top, or troweled 
surface, of the beam was always placed so as to be on 
the tension side. 


- CANTILEVER APPARATUS DESCRIBED 


The cantilever apparatus used in these tests, as well 
as in breaking a large number of other similar beams, 
consisted essentially of (1) a strong upright post provided 
with a heavy bearing plate and a simple clamp for 
holding the beam firmly in a horizontal position while 
the bending moment was being applied; and (2) a 
6-foot lever arm, one end provided with an adjustable 
socket for attachment to the beam and the other with a 
hook for suspending a 50-gallon tank to which water 
was added at a uniform rate until the breaking point of 
the beam was reached. The exact arrangement of the 
apparatus as used on this work is shown in Figure 1. 
Figure 2 shows the details of a similar apparatus which 
includes such modifications as three months of experi- 
ence in making over 500 breaks of 8 by 6 inch beams 
with the first machine suggested as desirable. 

The improvised machine used on this job to break 
the beams in the field was of no standard design or 
make. The advantages of this type of machine are: 

(1) Simplicity of design, portability, and cheapness. 

(2) The fact that the load may be applied at a 
uniform rate, or at any desired rate. 

(3) The fact that the beam arm hangs absolutely free 
and is not dependent upon any ball or roller bearings. 
There is no system of levers that may vary in length or 
position. The only variable is the total weight of the 
water. This may be weighed to the nearest pound. 

The method of operation was very simple. The 
concrete beam was clamped to a bearing plate on top 
of the wooden post by means of two % by 3 inch 
steel plates. The large bearing plate could be adjusted 
by means of the bolts holding it, so as to be level. ‘The 
rear clamp was not tightened very hard. If it had 
been, there would have been a tendency for the beam 
not to be in contact with the bearing plate directly 
under the plane of maximum stress. For this reason, 
both of the clamps were left slightly loose in order that 
the beam would always be in direct contact with the 
breaking edge. The use of a heavy but rather narrow 
angle iron dapped into the front top edge of the post 1s 
suggested for future machines of this kind to replace 
the large bearing plate, while the two top clamp plates 
should be replaced by one similar angle iron. This 
modification 1s shown in Figure 2. 

The beam arm was held in place by two } by 
3 inch plates, one on the top and one on the bottom of 
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the arm. The plates could be adjusted so that the 
beam arm would be level at the time of the break. At 
first the total deflection of the end of the beam arm 
was about 5 inches when the break took place. This 
deflection was later reduced to about 3 inches by placing 
angle irons at the end of the wooden arm, thereby 
reducing the play in the two plates. 

Water was supplied at a uniform rate from a tank 
above the beam machine. This tank was filled to the 
same level before making each break. There was a 
very slight difference in the rate of application of the 
load at the beginning and end because of the fact that 
the head was reduced slightly as water was drawn from 
the top tank. An inflow equal to the outflow would 
insure a more constant rate of load application and 
would also permit the use of a smaller tank. 

A wooden platform was placed between the scales 
and the tank so that the heavy tank of water would not 
fall directly on the scales. The tank of water could 
then be easily lowered on to the scales and weighed to 
the nearest pound. If scales are not readily available, 
the tank can be calibrated and the quantity measured 
within an accuracy of about 1 per cent. In this case 
a mound of sand or earth should be made so that the 
drop of the tank will not exceed 1 inch when the beam 
snaps. 

Following is the method used in computing the mod- 
ulus of rupture for tests with the single-lever breaking 
device: 

In Figure 1 

W = Load applied by tank. 
L£ =Corresponding moment arm. 
W,=Weight of beam arm and auxiliary parts. 
L, =Corresponding moment arm. 
W,= Weight of cantilevered portion of test beam. 
L; =Corresponding moment arm. 
Then, if / is the moment acting at the support, 
M=WL-+ W,L,+ W3L3, 
and the modulus of rupture is given by the equation, 


pa Mc 6M 
Je Uke 
LOAD APPLIED AT THIRD POINTS ON UNIVERSAL TESTING 


MACHINE 


A frame had been made by the Tennessee highway 
department to support a 6 by 6 inch beam, as shown 
in the diagram in Figure 3, so that the 50,000-pound 
universal testing machine could be used to break beams. 
The beam was supported at each end on 2-inch iron 
plates, and the load applied at two points on the beam 
by the testing machine. Cylindrical rollers were placed 
between the plates in contact with the beam, as well 
as between the plates connected with the frame through 
which the load was applied. 

The apparatus for breaking the beams was built so 
that the distances between the bearing points could be 
changed if desired. For this study the outside sup- 
ports were placed 30 inches apart, with the load applied 
at the two one-third points. The bending moment due 
to applied load was then the same for all points between 
the two places where the load was applied, thus pro- 
viding a favorable condition for the break to occur at 
the weakest place within the middle 10 inches of the 
beam. Furthermore, while the bending moment was 
maximum and uniform within this section of the beam, 
the shearing stress due to applied load was equal to 
zero over the full length of the same distance. The 
troweled surface was placed on the bottom so that it 
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would be on the tension side of the beam when it was 
broken. 

Values of the modulus of rupture for tests made in 
the universal machine were computed by the followine 
formula: 
g_3WA BW 

a8 iba) har" 
where W is the total applied load, A the distance from 
each support to the adjacent loading point, W, the 
weight of the beam, and L the distance between sup- 
ports. Since in these tests the loading was at the third 
points, the formula was reduced to the form 


_L£(W+%W;) 
ba? , 


MULTIPLE-LEVER TESTING MACHINES DESCRIBED 


iS: 


Two of these machines were available, one in the 
laboratory and one in the field. All of the beams made 
for this particular study to be broken on these machines 
were broken in the laboratory and with the laboratory 
machine, except two, which were broken on the field 
machine. It was not intended to break any on the 
field machine but the results obtained on the other 
machines made it appear worth while to carry the study 
further, because there was considerable difference in the 
amount of shear produced in the two machines. 

In both of the multiple-lever machines the load was 
applied by a cable attached to a hand wheel. <A dyna- 
mometer between the cable and the end of the beam 
arm indicated the load being applied. This dyna- 
mometer was carefully tested from time to time, and 
was always correct within less than 1 per cent. 

The chief difference between the laboratory and the 
field machine is the distance from the point where the 
load was applied to the plane of maximum bending 
stress. In the laboratory machine this distance is 
5.5 inches, while in the field machine it is 8.75 inches. 
This difference causes a greater shearing stress in the 
one case for the same moment at the plane of maxi- 
mum stress. The essential differences of the two 
machines are shown in Figure 4. 

Following is the method used in computing the 
modulus of rupture for tests with the multiple-lever 
machines. 

In Figure 4, 

W, = Applied load. 

L,= Distance from the upper fulcrum to the point 
of load application. 

W,.= Weight of beam arm. 

L,=Corresponding moment arm with respect to 
upper fulcrum. 

W;= Weight of cantilevered portion of test beam. 

L,= Distance between upper and lower fulcrums. 

W,= Weight of dynamometer. 

L,= Moment arm of lower fulcrum with respect to 
front edge of supporting post. 

L;=Length of cantilevered section of test beam. 

The reaction at the lower fulerum is given by the 
equation, 

Wil, , Wels | 
R= opt Sy ate 
43 43 

The moment at the support is then given by 
equation, 

WiLL, , Wolo, 


ame wegen 


the 





WLLL, , WL 
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Figure 2,—DraGRAM OF IMPROVED SINGLE-LEVER Firtp MACHINE 
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and the modulus of rupture is obtained from the rela- 
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VALUES OF MODULUS SHOW SIGNIFICANT DIFFERENCES 


S= 


Values of the modulus of rupture of all beams tested 
in the three types of machine are given in Table 1. 
Table 2 gives the differences between average values 
for each set tested on the universal machine and the 
corresponding average values for tests with the single- 
lever and multiple-lever machines. 
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Figure 3.—DIAGRAM SHOWING 2-PointT LOADING oF BEAM 
IN UNIVERSAL TESTING MACHINE 














TaBLE 1.—Comparison of values of modulus of rupture given by the 
three types of beam-breaking machine; modulus of rupture given 
in pounds per square inch 
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TABLE 2.—Differences in average values of modulus of rupture 
given by tests with universal testing machine and corresponding 
values given by tests with the improvised single-lever machine and 
the multrple-lever laboratory machine 
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The results obtained from each machine were very 
consistent for both the individual and the average break- 
ing strengths. The real differences he between the 
values given by the different types of breaking ma- 
chine. The improvised field machine gave results very 
close to those given by the univ ersal machine, the 
difference between the averages for all the breaks being 
only 6 pounds per square inch. For these two ma- 
chines the maximum difference between the average 
strengths of any set of beams, as shown in Table 2, ie 
only 43 pounds, with an average difference of only 2 
pounds. The maximum and minimum strengths on a 
improvised field machine were also very close to the 
maximum and minimum strengths on the universal. 

The laboratory multiple- beam machine ¢ gave much 
higher results than either the universal or ‘the impro- 
vised field machine. The increase in aver: age strength 
was 219 pounds, or 36.8 per cent over the av erage 
strength given by the universal testing machine. On 
the individual sets of beams the average strength was 
from 156 to 318 pounds per square inch higher. There 
was not a break made on the multiple-beam machine 
that was as low as the highest breaks obtained for cor- 
responding sets on either of the other machines. The 
smallest and the largest difference between the lowest 
break on the multiple-beam machine and the highest 
break on the other two, for beams of the same set, were 
61 pounds and 255 pounds, respectively. 
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FiaurEe 4.— DIAGRAM SHOWING Loaps aND Moment Arms 
ACTING IN MuutieLte-LeEveR MaAcHINES 


The results of the study showed that the multiple- 
beam machine gave results so much larger than those 
obtained on the other two machines that it was decided 
to carry the study to the multiple-beam field machine. 
The essential difference between the multiple-beam 
laboratory machine and the multiple-beam field ma- 
chine is the distance from the plane of maximum stress 
to the point at which the load is applied to the test 
beam. In the first case this distance is 5.5 inches, and 
in the second it is 8.75 inches. 

Results of tests of two beams each from set 19 on 
the improvised field machine and the multiple-beam 
field machine are given in Table 3. 

All of these beams were made from the same batch. 
Beams 1 and 4 were tamped 50 times, and beams 2 and 
3 were tamped 180 times. 

The excess in average strength given by the multiple- 
beam field machine was 152 pounds, or 26 per cent 
higher than the average strengths obtained on the 
improvised field machine. 
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TaBLE 3.—Comparison of values of modulus of rupture given by 
tests with the multiple-lever field machine and the improvised 
single-lever machine, for two beams each from set 19 
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CONCLUSIONS SUMMARIZED 


In view of these facts the following observations and 
conclusions seem justified : 

1. The breaks on the beams broken in the multiple- 
lever machines showed that a much larger percentage of 
the rock was broken than in the other machines. 

2. The type of machine used to make the break will 
determine to a large extent what breaking strength will 
be obtained. 


O 


3. The results show that the apparent quality of 
concrete, as indicated by test specimens, may be varied 
be merely changing the apparatus for breaking speci- 
mens. They may also help to emphasize why a more 
standard method of making and especially of testing 
beams in the field should be adopted. 

4. It would be advantageous if every field machine 
could be calibrated against the standard laboratory 
set-up before it is placed in service. As these field 
machines frequently receive very rough treatment it 
might also be desirable to have this calibration re- 
checked before the beginning of each subsequent con- 
struction season. 

Acknowledgement is made to the Department of 
Highways and Public Works of the State of Tennessee, 
without whose valuable assistance and active coopera- 
tion in both laboratory and field these data could not 
have been obtained. 
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the shooting is good, and in addition carry the penalty 
of a low rate of production on the part of the shovel. 
The conclusion therefore seems inescapable that, under 
present close margins of bidding, the grading contractor 
who wishes to remain in business can not afford to 
permit poor shooting on his rock jobs. 
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